In order to get good performance of ultrasonic motors (USMs) in real applications, a real-time intelligent PID controller is proposed in this paper. To overcome the problems of characteristic variation and nonlinearity, an intelligent PID controller combined with particle swarm optimization (PSO) type neural network (NN) is studied in real-time environment for USM control. In the proposed method, an NN controller is designed for adjusting PID gains. The learning of NN is implemented by PSO updating the weights of NN on-line. By employing the proposed method, the characteristic changes and nonlinearity of USM can be compensated effectively in real-time environment. The effectiveness of the method is confirmed by experiments.
Introduction
As industrial technology develops in recent years, for actuators in industrial applications, there are more and more high requirements. In order to get more and more excellent features, many kinds of novel actuators have been developing in recent decades. Among the actuators, ultrasonic motors (USMs), as a novel kind of actuators with perspective, are quickly developed. They are designed, improved and applied for meeting new and special requirements in many specific applications (1) (2) (3) . As we see in Fig. 1 , it is the cutaway view of traveling wave ultrasonic motor (TWUSM). USMs are friction driven electronic motors. The reason why this kind of actuators is so widely used is that there are many excellent characteristics of USMs comparing with conventional electromagnetic motors, such as, quick response, noiseless, compactness, low speed, high torque, , no magnetism and so on. In order to make use of the excellent features, many researches have been implemented. Especially, in the field of USM control, there are many methods developed in recent years for compensating characteristic changes and nonlinearity (4) (5) (6) (7) . T. Senjyu et al.
proposed a direct neural network (NN) controller for the position control of USM. In the method, a three-layer NN controller using back-propagation (BP) method has been reported (5) . A control scheme using NN for USM has been proposed by F. Lin et al. in Ref. (6) . In the control scheme, the robust control system based on Lyapunov function using two NNs is designed to control the rotor position of USM. Different from previous research employing BP methods, the intelligent internal model control (IMC) type PID employing particle swarm optimization (PSO) has been studied in our previous research (7) . It is certified that intelligent control based on PID theory using NN is able to compensate characteristic changes and nonlinearity of USM in real applications.
In this paper, a real-time intelligent PID controller is reported as an extension of previous research. The intelligent method of PSO type NN is designed for tuning gains in PID controller in USM servo system. The learning of NN is carried on by PSO updating weights on-line. The paper is organized as follows. After this introduce section, the proposed intelligent PID controller is introduced in Sect. 2. USM servo system, the real-time experimental environment is introduced in Sect. 3. In Sect. 4, the experimental results are studied. Section 5 gives conclusions.
Intelligent PID Controller

PID Control for USM
Since PID control is quite simple and effective, it is considered as the most widely used control scheme in industrial fields (8) . In our proposed method, PID control is applied as the direct controller. Figure 2 shows the basic scheme of PID control for USM. In the scheme, r(k), u(k), and y(k) are the object input, the input and the output, respectively.
where KP, KI and KD are the gains of the PID controller. By tuning the PID gains, the control performance can be adjusted. In the scheme, the error denoted by e(k) expressed as
The PID controller GPID(z -1 ) can be denoted as Eq. (3) shows.
Theoretically, we can get good control performance by making fine tuning of the PID gains in USM control. However, since the USM is a non-linear plant without mathematical model, the fine tuning is difficult. Meanwhile, characteristics of USM varies according to running conditions. Conventional fixed gain type PID controller cannot deal with the characteristics of USM (9, 10) . For obtaining good performance in USM control, gains of PID controller requires continuous adjustment according to characteristic changes. In this research, the prosed intelligent method is designed as Fig. 3 shows. Based on conventional PID controller for USM, the intelligent model -PSO type NN is employed for updating the PID gains on-line. As we see in the scheme, the input of the intelligent controller is the discrete time signal of
The output is the PID gains. The scheme is designed for tuning PID gains automatically to achieve good performance in USM control.
PSO Type Neural Network
In this section, the intelligent unit combined with PSO and NN is illustrated. As we know that NN is one of important algorithms in artificial intelligence, which is developed so fast in recent decades that some NN models have been applied in industrial products. Usually, NN model is constructed by connections of neurons, which are designed according to the biological neural system. Because of the features of NN, as an important optimization tool NN is widely applied in many aspects, such as the optimal or adaptive control engineering, pattern matching technique in financial field and traffic and communication fields. Especially, NN is considered as an important tool to contribute a lot in the control of non-linear plants. In our research, NN is applied for updating the PID gains in proposed scheme for compensating nonlinearity in USM control. The NN scheme we propose is a fixed structure. The learning is implemented by PSO algorithm.
On the other hand, PSO is a global optimization algorithm discovered through the simulation of a simplified social model. Since it is simple in concept and easy to implement, it is quite attractive in the field of probability optimization in recent years (11) (12) (13) (14) . Figure 4 shows an example of particle movement of PSO. xi(k) means the position of the ith particle in the k step, xi(k-1) and xi(k+1) mean the position of the (k-1) step and the (k+1) step, Fig. 2 . Block diagram of PID control for USM. respectively. gbest is the best position of the whole swarm, and pbest is the best position of the particle. vi(k), which expresses the position variance, is the velocity of the particle at the k step. It is related to the best positions as the dash lines show in the figure. In NN learning, we define the value of weights as the position information contained by N particles. The weights of NN are designed to be updated by an inertia weight approach (IWA) type PSO algorithm expressed in Eq. (4) where episode means the number of current iteration, episodemax presents the max iteration number in the searching. τmax and τmin are the weight factor's maximum and minimum value, respectively. As we see in Fig. 5 , it is the flowchart of the proposed method. The learning of PSO-NN and updating of PID controller is designed in the simple loop as the figure shows. More details about the specifications of PSO type NN algorithm for experiment is to be introduced in Sect.4.
USM Servo System and Experiments
In this section, the USM servo system is presented. In the USM servo system, the motor, encoder, and the magnetic brake are connected on a common axis as shown in Fig. 6 . The position signal fetched by the encoder is input to the counter board connected to the PC. Information of the control input calculated from the output and the object input in the PC is transferred to the driving circuit via the I/O board. The frequency control is applied in this servo system. High frequency makes the motor controlled with high accuracy. The driving frequency will vary from 42.5 kHz to 46.0 kHz higher than resonance frequency of the USM.
In order to confirm the effectiveness of the proposed method, a group of experiments are implemented in the USM Fig. 4 . Illustration of particle movement in PSO. In the experiments, the sine wave signal is set to run 20 cycles. Figure 7 shows the response of the first 3 cycle of the proposed method in real-time control. We can see that the output follows the object input in the run. Figure 8 shows the variation of PID gains in the real-time control, it is clear that the proposed method is able to get proper gains in real-time compensating. It can be stated that the USM has the different characteristic according to the rotatory direction, and that the proposed method is capable to search optimal value in realtime control. Meanwhile, it can be concluded that PSO is an effective tool to be combined with NN in real-time applications.
Conclusions
In this paper, a real-time intelligent PID control scheme combined with PSO type NN has been proposed for USM. NN is employed for optimizing the gains in PID controller. PSO algorithm is applied in NN's learning. The weights of NN is updated by PSO on-line. The proposed method is able to be applied in compensating characteristic changes USM in real-time control. The effectiveness of the proposed method is confirmed by experiments using USM servo system. 
